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Introduction
Accumulating evidence shows that there may be a link between systemic low-grade inflammation and major adverse health issues. Numerous studies have shown an association between low-grade inflammation and lifestyle factors such as obesity [1] , exercise [2] , smoking [3] and diet [4] . In addition, enhanced low-grade inflammation may play a role in the aetiology of chronic diseases such as cardiovascular disease (CVD) [5] , type 2 diabetes (T2D) [6] and cancer [7] . GlycA and high-sensitivity C-reactive protein (hsCRP) are both markers of low-grade systemic inflammation. Whilst GlycA is a composite biomarker that senses the glycosylation states of several of the most abundant acute-phase proteins [8] , hsCRP is a single marker of low-grade systemic inflammation. GlycA is determined using nuclear magnetic resonance (NMR) spectroscopy; the signal comes from N-acetyl methyl groups mostly bound to acute-phase proteins [mainly: a1-acid glycoprotein (oromucosoid), haptoglobin, a1-antitrypsin, a1-antichymotrypsin and transferrin] [8] .
GlycA and hsCRP were found to be rather strongly correlated with each other [8] [9] [10] , but hsCRP is not highly glycosylated, thus it contributes negligibly to the measured GlycA signal.
GlycA has been found to be associated with incident CVD events as well as with new onset T2D in multiple large studies [9, [11] [12] [13] [14] [15] . Interestingly, its association with CVD and with incident T2D remained present after adjustment for hsCRP, suggesting that the association of GlycA with adverse cardiometabolic outcomes is as at least as strong as that with hsCRP. Of further interest, GlycA has been shown to be associated with cancer incidence in the Women's Health Study (WHS) [16] and with cancer-hospitalization and mortality in the Multi-Ethnic Study of Atherosclerosis (MESA) [11] .
We have recently shown that higher levels of GlycA were associated with reduced life expectancy [17] . Furthermore, the association of GlycA with allcause mortality has been evaluated in a number of studies. GlycA was associated with all-cause mortality in high-risk populations of subjects with established CVD or with several cardiovascular risk factors [18] [19] [20] . Comparable results on GlycA and all-cause mortality were found in general population-based studies [11, 21] . However, published studies on GlycA and all-cause mortality showed effect sizes ranging from 1.30 to 2.40. The current study will investigate how the variability in effect size might be explained. Further, limited data are available with regard to GlycA and causespecific mortality.
Hence, the aims of the current study were (i) to examine the associations of GlycA and hsCRP with all-cause, CVD and cancer mortality in the Prevention of Renal and Vascular End-Stage Disease (PREVEND) cohort, a general predominantly Caucasian population of both men and women and (ii) to report on a meta-analysis of published evidence on the association of GlycA with all-cause mortality.
Subjects and methods

Study design and population
The Prevention of Renal and Vascular End-Stage Disease (PREVEND) study was designed to investigate the natural course of increased levels of urinary albumin excretion and its relation to renal and CVD in a large cohort drawn from the general population. In short, in the period from 1997 to 1998, all inhabitants of the city of Groningen (The Netherlands) aged 28-75 years were asked to send in a morning urine sample and to fill out a short questionnaire. Pregnant women and subjects with type 1 diabetes mellitus were excluded. Urinary albumin concentration was assessed in 40 856 (47.8%) responders. Subjects with a urinary albumin concentration of ≥10 mg L À1 (n = 7768) were invited to participate, of whom 6000 agreed. Furthermore, 3394 randomly selected subjects with a urinary albumin concentration <10 mg L À1 were invited and 2592 agreed to participate. These 8592 individuals constitute the actual PREVEND cohort.
For the current study, data were used from the second screening round (2001) (2002) (2003) in which 6894 subjects participated. GlycA and hsCRP were measured in 5526 subjects of the second screening round ( Figure S1 ). The PREVEND study has been approved by the medical ethics committee of the University Medical Center Groningen, The Netherlands, and was conducted in accordance with the guidelines of the Declaration of Helsinki. All participants gave written informed consent.
Mortality data
The cause of death was obtained by linking the number of the death certificate to the primary cause of death as coded by a physician from the Dutch Central Bureau of Statistics (CBS). Causes of death were coded according to the 10th revision of the International Classification of Diseases. Survival time for the participants was defined as the period from the date of blood collection of the participant at the second screening round to the date of death from any cause or January first 2017, until which date information about specific causes of death follow-up information was available. If a person had moved to an unknown destination, the date on which the person was dropped from the municipal registry was used as the census date. Cardiovascular mortality was defined as a cardiovascular event leading to or directly causing death. Qualifying cardiovascular events were ICD-10 codes I10-I99, which include myocardial infarction, stroke, abdominal aortic aneurysm, pulmonary embolism, arrhythmias, myocarditis, cardiomyopathy, cardiac arrest, heart failure, cerebrovascular diseases and intraoperative and postprocedural complications and disorders of circulatory system. Cancer mortality was defined as death due to any type of malignancy (ICD-10 codes C00-C97).
Data collection
The procedures at each examination in the PRE-VEND study have been described in detail previously [22] . In short, before the outpatient clinic visit, all participants completed a questionnaire regarding demographics, cancer, cardiovascular and renal disease history, smoking habits, alcohol consumption and medication use. Cancer incidence was established by computerized record linkage with the nationwide network and registry of histo-and cytopathology in the Netherlands (PALGA: Dutch Pathology Registry) [23] . A history of cancer was defined as any type of malignancy, indicated by the patient in the questionnaire or obtained by PALGA.
Information on medication use (including oral contraceptive use and hormone replacement therapy) was combined with information from a pharmacy-dispensing registry, which has complete information on drug usage of >95% of subjects in the PREVEND study. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m). Smoking status was categorized as never, former and current. Alcohol intake was categorized as <10 g or ≥10 g per day. T2D was defined as a fasting serum glucose level >7.0 mmol L À1 , a nonfasting plasma glucose level >11.1 mmol L À1 , selfreport of a physician diagnosis or the use of glucose-lowering drugs, retrieved from a central pharmacy registry. Estimated glomerular filtration rate (eGFR) was calculated using the combined creatinine-cystatin C-based Chronic Kidney Disease Epidemiology Collaboration equation [24] .
Laboratory measurements
Plasma samples were sent frozen to LipoScience/ LabCorp (Morrisville, NC, USA) for testing on the Vantera â Clinical Analyzer. NMR LipoProfile â Test spectra were collected and GlycA values were quantified as previously described [8, 14, 25] . In short, the GlycA NMR signal comes from the N-acetyl methyl group protons of the N-acetylglucosamine moieties located on the bi-, tri-and tetra-antennary branches of plasma glycoproteins, mainly a1-acid glycoprotein, haptoglobin, a1-antitrypsin, a1-antichymotrypsin and transferrin. The coefficients of variation (CVs) for the GlycA assay ranged from 1.3% to 2.3%. hsCRP was measured by nephelometry with a threshold of 0.18 mg L À1 (BNII; Dade Behring, Marburg, Germany). Plasma glucose was measured using standard laboratory protocols [26] . Serum total cholesterol was assayed on an automatic analyser type MEGA (Merck, Darmstadt, Germany) using the CHOD-PAP-method. Results are presented as mean AE SD, median (interquartile range) and percentages. Skewed data were normalized by natural logarithmic (Log e ) transformation before analyses, which was the case for urinary albumin excretion (UAE) and hsCRP. Baseline characteristics were calculated across sex-stratified quartiles of GlycA. Pvalues across quartiles of GlycA were determined by linear regression for continuous variables or chi-square test for categorical variables. To study the association of GlycA and hsCRP with mortality, we fitted Cox proportional hazard models to the data. Tests of trend across quartiles were conducted by assigning the median value for each quartile as its value and treating this as a continuous variable. Results are summarized by hazard ratios (HRs), with 95% confidence intervals. Possible effect modification was explored by including the interaction terms between GlycA or hsCRP and age, sex or smoking in the multivariable-adjusted models. Interaction terms were considered to be statistically significant at two-sided P-values <0.10 [27] . Otherwise, the levels of significance were set at two-sided P-values <0.05.
Meta-analysis of published studies
Studies that determined the association between GlycA and all-cause mortality, published in full text before 17 December 2018 (date last searched), were identified through electronic searches not limited to the English language using MEDLINE and EMBASE. Reference lists from included articles were scanned as well. Summary measures were presented as relative risks (RR) with 95% CI intervals and were pooled using a random effects model to minimize the effect of between-study heterogeneity. We assessed heterogeneity using the Cochrane chi-square statistic and the I 2 statistic.
Results Table 1 shows the baseline characteristics according to sex-stratified quartiles of GlycA. The mean age of the subjects was 53.6 AE 12.1 years at baseline and 52.4% were women. Mean GlycA was 352 AE 62 µmol L À1 and median [IQR] hsCRP was 1.36 [0.62-3.08] mg L À1 . BMI, blood pressure, glucose, total cholesterol, triglycerides, hsCRP and UAE increased, whereas HDL cholesterol and eGFR decreased when GlycA levels were higher. Subjects with elevated GlycA were more likely to have comorbid conditions such as hypertension, CVD history, cancer history and T2D.
All-cause mortality
During an average follow-up of 12.6 years, 838 deaths were recorded. Associations of GlycA and hsCRP with all-cause mortality are shown in Table 2 . GlycA was significantly associated with all-cause mortality in a crude model, as well as after adjustment for age, sex, BMI, alcohol consumption and smoking status. Further adjustment for T2D, blood pressure, use of lipid-lowering drugs, anti-hypertensive medication use and lipids did not substantially change the hazard associated with GlycA. Results remained essentially the same after further adjustment for CVD and cancer history (model 4) and renal function (model 5). Of note, the P for trend was still significant after adjustment for hsCRP. Results for hsCRP were comparable to those for GlycA. However, after adjustment for GlycA, the P for trend was no longer significant. In addition, there were no statistically significant interactions between GlycA or hsCRP and age, sex or smoking on outcome [interactions: P > 0.10 for all].
Cardiovascular mortality
During the follow-up period, 201 subjects died due to CVD events (Table 3) . GlycA was significantly associated with CVD mortality in a crude model as well as after adjustment for age, sex, BMI, alcohol intake and smoking status. The association was attenuated after adjustment for T2D, systolic blood pressure, lipid-lowering drugs and anti-hypertensive medication (model 2). In addition, statistical significance was lost after adjustment for lipid levels. This was also true for the analyses with hsCRP as independent variable. There were no significant interactions for each marker with age, sex or smoking with CVD mortality.
Cancer mortality
In total, 380 participants died due to malignancies (248 men and 132 women). Table 4 shows the associations of GlycA and hsCRP with cancer mortality. GlycA was associated with cancer mortality in analyses adjusted for clinical covariates, lipids and renal function. After additional adjustment for hsCRP, the P for trend remained statically significant. Results for hsCRP were comparable to those for GlycA; however, in the final model, when adjusted for GlycA, the P for trend was no longer significant.
There was a significant interaction between hsCRP and sex with cancer mortality (P for interaction 0.002, tested in a model with age and sex). Table S1 shows the sex-stratified analysis of hsCRP with cancer mortality. hsCRP was significantly associated with cancer mortality in men but not in women. The interaction term between GlycA and sex was also significant in a model with age and sex (P for interaction 0.045). In sex-stratified analyses, GlycA was found to be significantly associated with cancer mortality in men but not in women (Table S2 ).
Exploratory analyses between GlycA and hsCRP with lung cancer mortality (57 deaths) are presented in Table S3 . GlycA was associated with lung cancer mortality in a crude model as well as after multivariable adjustments for clinical variables and hsCRP. The association between hsCRP and Table S4 . After multivariable adjustment, GlycA but not hsCRP was significantly associated with gastrointestinal cancer.
Meta-analysis of published studies
We identified six population-based prospective cohort studies that had reported associations between circulating GlycA and all-cause mortality risk (Table 5 ). Including the current study, the pooled analysis involved seven studies comprising 63 180 participants and 8153 all-cause mortality Fig. 1 ). When studies with high CVD risk populations were excluded [18] [19] [20] , the RR for all-cause mortality comparing extreme quartiles of GlycA was 1.37 (95% CI: 1.24-1.52). Heterogeneity was reduced to nonsignificance (I 2 = 8%, 95% CI: 0-86; P = 0.354). On exclusion of the study which comprised of only women, the RR for all-cause mortality comparing extreme quartiles of GlycA was 1.84 (95% CI: 1.52-2.23). 
Discussion
The present study demonstrates a significant association of GlycA with all-cause mortality, independent of established risk factors and potential confounders. Our pooled finding from the metaanalysis including 63 180 participants and 8153 deaths reinforces the validity and generalizability of the findings. The observed heterogeneity amongst these studies was explained by three studies reporting on high-risk populations. The positive association of hsCRP with all-cause mortality was attenuated to nonsignificance after adjustment for GlycA. GlycA and hsCRP were each not independently associated with cardiovascular mortality. In addition, sex-stratified analyses Tests of trend across increasing quartiles were conducted by assigning the median for each quartile as its value and treating this as a continuous variable.> Values in bold are statistically significant (P<0.05).
Table 5
Characteristics of prospective studies evaluating associations between GlycA and all-cause mortality
Author, publication
Year Name of study revealed that the positive association of GlycA and hsCRP with cancer mortality was only present in men, but not in women. The association of higher GlycA with increased total cancer mortality was in part attributable to an increased risk of lung and gastrointestinal cancer mortality.
GlycA represents a subset of acute-phase reactants, including a1-acid glycoprotein, haptoglobin, a1-antitrypsin, a1-antichymotrypsin and transferrin [8] . Its composite nature likely has the advantage of giving more stability compared to a single and more variable marker such as hsCRP [8] .
Based on the meta-analysis [11, [18] [19] [20] [21] , individuals with the highest GlycA levels were found to have a 74% greater risk to die from any cause compared to individuals with the lowest GlycA category. Consistent with our findings, a1-acid glycoprotein, one of the major contributors to the GlycA signal, was found to be associated with all-cause mortality in two large cohorts in Estonia and Finland [28] . In line, Ritchie et al. [29] recently showed that of GlycA's constituent glycoproteins, a1-antitrypsin was the strongest predictor for future disease risk and mortality. Our analyses in the PREVEND study furthermore showed that hsCRP was also associated with all-cause mortality. Notably, however, significance was lost after adjustment for GlycA, suggesting that the association of GlycA with allcause mortality was stronger.
The association of hsCRP with CVD has been firmly established in numerous studies [30, 31] . Although we did find statistically significant trends of GlycA and hsCRP with CVD mortality in unadjusted models, these associations were abolished by controlling for age, sex and lifestyle factors. This may indicate that elevations in GlycA and hsCRP are nonspecific responses to environmental stimuli and may not be related directly or indirectly with the pathogenesis of cardiovascular mortality. In line with this, results from Mendelian randomization studies indicate that CRP variants do not independently confer increased CVD risk [32, 33] . Moreover, whether CRP should be used to screen asymptomatic persons is still a matter of debate [34, 35] . Notably, in the PREVEND study, we have shown before that GlycA and hsCRP were Relative risk (95% CI) comparing extreme quartiles of GlycA associated with incident CVD, using a combined endpoint of CVD morbidity and mortality [9] .
Overall, results of the current study, therefore, suggest that these associations are mainly driven by CVD morbidity. In our cohort, 24% of all deaths were attributable to cardiovascular causes, which is comparable with cardiovascular death rates from the entire Dutch population in 2016 [36] . This supports the idea that the PREVEND study is a representative reflection of the general Dutch population.
The current study showed that GlycA and hsCRP were positively associated with total cancer mortality in men and not in women. This finding is in agreement with the results of an earlier metaanalysis, including six studies comprising a total of 55 721 participants and 3180 deaths due to cancer, which observed an effect of elevated hsCRP on cancer-related mortality only in men [31] . The nonsignificant association in women may be attributable to lower statistical power or heterogeneity of different types of cancer. In addition, a crosssectional study of postmenopausal women using hormone replacement therapy (HRT) showed increased CRP levels compared to women not taking HRT [37] . Comparable results were found in young adult women using low-dose oral contraceptives [38] . HRT and oral contraceptive use may cause elevated levels of both GlycA and hsCRP in women with relatively healthy lifestyles, which might attenuate the effect on cancer mortality risk. However, in our study, exclusion of 358 women on HRT therapy and oral contraceptives did not alter the results (data not shown). Further studies are needed to investigate the mechanisms behind the lack of statistical significance between systemic low-grade inflammation and cancer mortality in women. In addition, subgroup analysis results suggested that GlycA might also be predictive for lung cancer mortality. A similar observation was reported by Duprez et al. who found that GlycA was associated with lung cancer mortality in an analysis including 107 deaths [11] . Furthermore, in an exploratory analysis, we showed a significant association between GlycA and gastrointestinal cancer mortality. Interestingly, results of the WHS showed that GlycA was associated with colon cancer mortality in initially healthy women [16] .
The strengths of our study include analyses of primary data as well as a meta-analysis of all available published cohorts on GlycA and all-cause mortality so far. Furthermore, the PREVEND study has measurement on comprehensive number of lifestyle and biological markers that enabled adequate adjustment for potential confounders. On the other hand, our study also has some limitations to consider. First, our findings were based on a single baseline measurement of hsCRP and GlycA. However, the study of Ritchie et al. [39] showed stable GlycA elevations for periods of up to a decade. Second, as an observational study, it does not allow for identification of underlying causes. Finally, our meta-analysis was based on study-level data and did not involve individual participant data, which might give more reliable risk estimates compared to study-level data.
In conclusion, in this prospective study involving both men and women, the relative risk for all-cause mortality increased significantly with each increasing quartile of baseline GlycA level. GlycA and hsCRP were not independently associated with cardiovascular mortality in this study. The association of GlycA and hsCRP with cancer mortality appears to be driven by men.
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